etch s i a l o n m a t e r i a l . I n p r i n c i p l e the etchant i s obtained through the decomposition o f a r e l a t i v e l y i n e r t gas i n a glow discharge. The gas i s chosen so t h a t the r esul t i n g r e a c t i v e species i n t e r a c t w i t h the m a t e r i a l 's surface t o g i v e a v o l a t i l e product. The physical v a r i a b l e s o f the plasma-etchi ng apparatus /I/ influence the ion-energy o f the plasma and several degrees o f e t c h i n g are p o s s i b l e between t h a t o f a purely chemical "gas-surface" r e a c t i o n and ion-bombardment. For n i t r o g e n ceramics a halo-carbon gas, commonly CF4, i s used since F atoms r e a c t spontaneously w i t h a l l forms o f Si, Si02 and Si3N t o g i v e a v o l a t i l e product. The etching time i s extremely s h o r t and the 8-Si N 8hase i s removed more r a p i d l y than any o t h e r phase i n the microsturcture. 1n3tflis work plasma-etching was used i n the micros t r u c t u r a l evaluation o f two 8-Si N m a t e r i a l s i n order t o examine i t s p o t e n t i a l use i n f a c i l i t a t i n g m i c r o s t r u c t u r a l c 2 a t a c t e r i z a t i o n . The technique was applied: ( i ) t o specimens f o r scanning e l e c t r o n microscopy (SEM) f o r q u a l i t a t i v e analysis of b u l k m i c r o s t r u c t u r e and t o explore i f any d i f f e r e n c e could be detected i n the microstructures a f t e r high temperature oxidation; and ( i i ) t o transmission e l e c t r o n microscopy (TEN) specimens t o t e s t if p a r t i a l removal o f the 8-Si3N4 grains allowed improved examination o f secondary phases. I 1 -EXPERIMENTAL Two 8-Si N m a t e r i a l s were examined: a hot-pressed 6 -9 N w i t h Y O3 as s i n t e r i n g a d d i t i v e 3 ( f l~ 209) and pressureless s i n t e r e d 6-51 N w i t 4 % w/o Y a3, 2 w/o A1 0 s i n t e r i n g a d d i t i v e s (RP I ) 141. Oxidized samples30f both materia?s were prepaqei by heat treatment a t 1350'~ i n an a i r atmosphere f o r 200 hours. SEM specimens were prepared f o r plasma-etching by diamond g r i n d i n g and p o l i s h i n g and TEM speciniens were prepared by diamond g r i n d i n g followed by i o n -m i l l i n g from one s i d e and plasma etching from the opposite side.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986143 A Technics I1 plasma-etching apparatus was used and the physical variables control led in order t o ensure t h a t a predominantly chemical etch was obtained thus avoiding additional ion-bombardment. The material was etched with CF4 (8 vol% 02) gas using the following conditions: power 300 W; pressure 0.3 t o r r ; and frequency 30 KHz. Etching times were 2-3 minutes f o r SEM specimens and 30 seconds f o r thin f o i l s .
-RESULTS AND DISCUSSION
Scanning microscopy. The scanning micrographs of Fig. l ( a ) and (b) show the etched surfaces of as-received material, NH-209 and RP I respectively. The 6-Si N grains (dark regions) were rapidly removed during the etching process thus enabliflg t h i s major crystal1 ine phase t o be distinguished from t h e secondary phase(s) ( l i g h t network). Rapid estimation of grain s i z e d i s t r i b u t i o n , aspect r a t i o and d i s t r i b u t i o n of secondary phase(s) can be made from the micrographs. These images contrast strongly with the typical SEM image obtained from unetched 6-Si N4 where no micros t r u c t u r a l d e t a i l can be i d e n t i f i e d , as i s shown i n Fig. 2 (a) f a r unetched NH 209. I t i s not possible t o assess the nature ( g l a s s o r crystal 1 ine) of the secondary phase(s) v i s i b l e in these SEM images, but EDAX analysis showed these regions to contain (in addition t o S i ) up t o 80 w/o Y in both materials with varying small q u a n t i t i e s of Mg, Fe and Ca in NH 209, and A1 and Fe i n RP I .
Specific differences in etching behaviour occured a f t e r heat-treatment. (For purposes of comparison oxidized specimens were always etched simultaneously with unoxidized material .) A region of poor microstructural definition up to 100 um wide was observed around t h e edge of specimens of oxidised NH 209. (Fig. 2(b) .) No such zone was observed in oxidised RP I but etching definition was generally lacking compared t o simultaneously etched unoxi dized material . These etching differences must be due t o changes .which occur i n the chemical composition of the secondary phase system during oxidation and can t e n t a t i v e l y be explained in terms of the chemical processes involved i n etching. In CF /O plasmas the basic reaction taking place i n the etching of Si o r i t s comp%un?is Si02 and Si N is the chemisorbtion of atomic F and i t s desorbtion as SiF o r SiF . ~l t h o a g f l the r e l a t i v e s e l e c t i v i t y f o r Si , Si02 o r Si N compared t o t s i l ica?e of mixed elemental compos i t i o n varies according t o t h e 3 p i r t i c u l a r conditions of etching /5/, i t can be assumed t h a t mixed phases will etch more slowly. This i s because mixed s i l i c a t e s contain elementswhich a r e not as reactive with F as i s S i , and metals such as A1 and Y whose fluorides a r e i n v o l a t i l e . I f oxidation r e s u l t s i n outward metal cation movement t o the oxide s c a l e /5/ then the zones depleted i n metal cation content may be expected t o etch a t a comparable r a t e t o 6-Si3N4. Transmission microscopy. Examination o f plasma-etched t h i n f o i l 8 of NH 209 revealed t h a t microstructure consisted o f 8-Si N w i t h a s t r o n g l y varying g r a i n s i z e and s i g n i f i c a n t q u a n t i t i e s o f a secondary3c$ystal 1 i n e phase which formed an almost continuous network around the n i t r i d e grains ( Fig. 3 ( a Fig. 4 ( a ) ) . A t h i n i n t e r g r a n u l a r glass f i l m surrounded both the B-Si3N4 and Y-N a p a t i t e phases.
) ) . The secondary c r y s t a l 1 i n e phase has been i d e n t i f i e d by e l e c t r o n d i f f r a c t i o n as Y-N a p a t i t e . Dark f i e l d microscopy using d i f f u s e s c a t t e r e d electrons has shown t h a t the c r y s t a l l i n e phases are surrounded by t h i n glass f i l m s (Fig. 3 ( b ) ) . Plasma-etched RP I was found t o c o n s i s t of r e l a t i v e l y uniformly s i z e d 6-Si N grains w i t h small q u a n t i t i e s of a secondary c r y s t a l l i n e phase which was a l s o i d e i t i f i e d as Y-N a p a t i t e . This phase was n o t continuous and occurred a t mu1 ti -g r a i n j u n c t i o n s (
As i s summarized i n Table I , evaluations o f these two microstructures a f t e r plasmaetching d i f f e r e d i n terms o f the estimation o f secondary phase content from previous m i c r o s t r u c t u r a l evaluations c a r r i e d o u t i n our l a b o r a t o r i e s on p l a i n ion-beam thinned specimens. I n the e a r l i e r . i n v e s t i g a t i o n s NH 209 was found t o c o n t a i n o n l y small q u a n t i t i e s o f Y-N a p a t i t e a t m u l t i g r a i n j u n c t i o n s (Fig. 4 ( b ) ) , '~h i l e i n RP I no secondary c r y s t a l l i n e phase was detected. A possible explanation f o r these d i f f e r i n g evaluations under1 i e s our attempt t o p l asma-etch the f o i 1s. The i o n -t h i n n i n g process used i n ceramic t h i n -f o i l preparation has the disadvantage o f being slow and o f i n t r o d u c i n g a r t i f a c t s i n t o the material due t o r a d i a t i o n damage and p r e f e r e n t i a l s p u t t e r i n g / 6 / . I n t h i n n i n g ceramic f o i l s a compromise has t o be made between the q u a l i t y o f the f o i l and t o t a l time t o p e r f o r a t i o n . M i l l i n g a t high-angles (>ZOO) can r e s u l t i n f a s t b u t p r e f e r e n t i a l s p u t t e r i n g of polyphase m a t e r i a l , w h i l e a t low i n c i d e n t angles, a l l o f the m i c r o s t r u c t u r a l components t h i n a t v i r t u a l l y the same r a t e b u t t h i n n i n g times can be very long.
I n our l a b o r a t o r y ceramic f o i l s have u s u a l l y Been thinned from approximately 30 pm t o p e r f o r a t i o n a t m i l l i n g angles o f 25-35 i n order t o avoid excessively long t h i n n i n g times. I t was f e l t t h a t even i f some p r e f e r e n t i a l s p u t t e r i n g occured, there should e v e n t u a l l y be s u f f i c i e n t shadowing o f the secondary phase by the more slowly sputtered B-Si N t o preserve the b u l k microstructure i n the f i n a l specimen. Examination o f plasma3e?ched b u l k m a t e r i a l by SEN i n d i c a t e d however t h a t more secondary phase(s) were present i n both m a t e r i a l s than had p r e v i o u s l y been i n f e r r e d by TEM examination. I n v e s t i g a t i o n by plasma-etching o f t h i n f o i l s t h a t had been i o n -m i l l e d from one s i d e o n l y i n d i c a t e s t h a t p r e f e r e n t i a l s p u t t e r i n g o f the secondary phase does occur r e s u l t i n g i n a s i g n i f i c a n t underestimation of i t s content. I t i s appreciated t h a t plasma e t c h i n g may r e s u l t i n an overestimation o f the secondary phase content and f u r t h e r work i s needed to, examine the r e s u l t s o f d i f f e r e n t etching times i n order t o i n t e r p r e t the r e s u l t s q u a n t i t a t i v e l y . I t i s concluded t h a t , i f used i n conjunction w i t h the examination o f p u r e l y ion-m i l l e d specimens, examination of plasma-etched thin f o i l s results in a more representative evaluation of tne I I I~ crostructure.
IV -CONCLUSIONS
Plasma-etching i s a rapid and effective technique for revealing polyphase 6-Si3N4 microstructures f o r evaluation by SEM and i s thus a useful tool f o r production control. Due to preferential sputtering, conventional thin foil preparation by ionmilling can lead t o an underestimation of the volume fraction of secondary phase while plasma-etching, by selectively thinning the 6-Si N grains, preserves the secondary phase distribution. Ion-mi 11 ing and plasma-e$cfling are thus complementary specimen preparation techniques f o r transmission microscopy and, i f used together, can result in a more representative evaluation of a materials microstructure. Small pockets o f Y-N a p a t i t e s (0.1-0.4 pm) a t m u l t i -g r a i n j u n c t i o n s . Thin i n t e r g r a n u l a r glass f i l m s .
Large q u a n t i t i e s o f Y-N a p a t i t e forming interconnectin9 networks. Thin i n t e r a r a n u l a r alass f i l m s .
No c r y s t a l 1 i n e secondary phase. Glass pockets and t h i n i n t e r g r a n u l a r IM glass f i l m s .
Rp 1 --------------------------PE Small q u a n t i t i e s of Y-N a p a t i t e mainly a t m u l t i g r a i n junctions. Thin i n t e r g r a n u l a r glass f i l m s .
